Introduction
The mechanism of small particle transmission through nonwoven fabrics commonly used in surgical gowns and drapes is of critical importance as these materials are being required to be barriers. Three major organizations have published guidelines for health care workers to minimize risks of exposure (Centers of Disease Control [CDC] , Association of Operating Room Nurses [AORN] , Occupational Safety and Health Administration [OSHA] ). Use of protective apparel is a key factor in these recommendations. Surgical apparel can reduce the transfer of microorganisms by creating a physical barrier between the infection source and a healthy individual.
The OSHA Occupational Exposure to Blood Borne Pathogens: Final Rule (1991) requires all employers to supply personal protective equipment to employees [5] . The equipment must provide protection against all reasonable anticipated occupational exposure and must not permit "blood or other potentially infectious materials to pass through or reach the employee's work clothes, street clothes, undergarments, skin, eyes, mouth or other mucous membranes under normal conditions of use" [5] . During surgical procedures, the medical personnel may be exposed to sprays of blood or other fluids. When a surgeon leans or presses against the table or patient, pressure is applied to the liquid, and therefore the possibility of penetration increases. When any type of liquid is transmitted through the protective clothing, any microorganisms it may contain have the potential to contaminate the medical personnel.
Surgical gown fabrics can be composites of nonwoven or woven fabrics, sometimes combined with other porous or nonporous polymeric materials. In general, these materials are designed to control the fluid flow (along with the microorganisms) in an effective manner. However, in the literature, information on the mechanism of liquid and microorganism flow through the components is lacking. Nonwovens are the most commonly used textiles in U.S. operating rooms, employed in over 80% of all surgical procedures. Surgical personnel continue to indicate that the major reasons for using nonwovens include convenience of use, superior barrier properties and improved surgical productivity [3] . Nonwoven composites, which prevent blood or potentially infectious material from passing through under various usage conditions, are used for gowns, laboratory coats, coveralls and other types of protective clothing in response to this regulation.
A variety of studies have evaluated the barrier properties of fabrics to liquid strike-through and microorganism transmission [4, 10, 11, 12] . Researchers have identified fabric construction and repellency as critical characteristics [7, 8, 9 ] However, few of these studies have critically examined fabric characteristics or evaluated the mechanism of transmission. Characteristics critical to desirable barrier properties include fabric surface properties (surface chemistry and physical characteristics), fabric geometry (pore size, shape and distribution), challenge liquid characteristics (viscosity and surface tension) and organism properties (shape, size, adherence). To explain the transmission mechanism it is paramount to examine these properties and understand their relationships.
It is known that repellent and wetting properties play a major role in determining the applications of fabric in medical end uses. However, due to size differences between the microorganisms of interest and the fibers, the study of transmission mechanism through fabrics is difficult using traditional methods of evaluation. The nature of fabrics, being complex three-dimensional structures with void and non-void areas, has also resulted in many challenges for investigators in this area. Recent advances in microscopy technology and development of techniques to use this technology has provided some insight to this transmission mechanism. The availability of Laser Scanning Confocal Microscope (LSCM), commercially available since 1987, may provide the evaluative tools necessary to examine the fabric as a three-dimensional structure.
The principles behind current LSCM are straightforward. High energy laser light is reflected by a dichroic mirror into a scanning device, where mirror and/or vibrating crystals move the beam in a raster scan in an X-Y plane. The light passes through conventional microscope optics and then is brought to a focus at the specimen by the objective. Light, which is reflected or fluoresced by the specimen, is focused on a pinhole aperture by the objective lens. It is only light from a narrow plane of focus that goes through the pinhole and strikes a light detector beyond. Light coming from above or below the image plane strikes the walls of the pinhole aperture and is stopped by the walls. In this way, one point in the image plane is observed at each instant in time. When the light beam is scanned across the specimen, a two-dimensional image, which is a sharp, high-contrast image from a relative thin section of the sample, is generated. This type of two-dimensional image has very high resolution making it suitable for creating a three-dimensional data set.
When a stepper motor is coupled to the fine focus drive, a number of thin optical sections with a two-dimensional image can be collected and processed to create three-dimensional reconstructions of the object of interest. A computer is used to control all mechanical and electronic operations as well as image storage and processing. Nonwoven fabrics and the distributions of fluorescent particles on them can be observed at the same time by merging both images of fluorescent particles and fiber materials together using the LSCM.
This study was designed to evaluate the movement of small particles, similar in size to bacteria associated with nosocomial infections, through fabrics traditionally used in surgical gowns and drapes using LSCM. The results of this study provided information on the transmission mechanism of small particle movement through these fabrics.
Materials and Methods
In this study four fabrics commonly used in protective apparel were evaluated. The four fabrics represented three different fabric constructions, including two Spunbond/Melt-blown/Spunbond (SMS) type polypropylene composites, a spunbond high density polyethylene, and a spunbond nonwoven fabric laminated with a microporous polymeric membrane. The fabrics were exposed to a solution containing fluorescently tagged microspheres similar in size to common bacteria found in hospitals. Cross-sectional specimens of the exposed fabric were prepared and evaluated using LSCM. Complete descriptions of the fabrics, challenge solution, exposure and evaluation techniques follow.
The two SMS type polypropylene composite fabrics consisted of outer spunbond webs as the loadbearing layer, and a melt blown web is sandwiched between as a filter, or a barrier (Fabrics 1 and 2). For composites to act effectively, the melt blown layer should have a fine fiber size and a pore size distribution that gives the composite breathability but inhibits strike-through of the fluids. Two SMS composites, from two different U.S. manufacturers, were used here.
The high-density polyethylene spunbonded nonwoven fabric was provided by a U.S. manufacturer (Fabric 3). Nondirectional fibers were first spun and then bonded together simultaneously by heat and pressure without any additional binders or fillers. It is a point-bonded product with an embossed pattern. It is also strong, lightweight, flexible, smooth, low-linting, opaque and resistant to water, chemicals, abrasion and aging.
The nonwoven composite fabric was designed with a polypropylene microporous membrane laminated to a spunbond nonwoven to improve the barrier properties (Fabric 4). This fabric was also obtained from a U.S. manufacturer. A challenge liquid containing small particles similar in size to bacteria was prepared. Latex microspheres and water suspension with a concentration of 2.5% was obtained from Polysciences, Inc. (Fluoresbrite TM plain YG 1.0 micron microspheres). The average diameter of the spheres is 0.930 µm with standard deviation of 0.010 µm. The suspension was diluted with water to a 0.0025% concentration. The relationship between the liquid surface tension and the fabric surface energy is critical in the transmission of the liquid.
The apparent surface tension of the challenge liquid was measured using a Fisher Surface Tensiomat, model 21. A platinum-iridium ring of 6.0 cm is suspended from a counter-balanced lever-arm. The arm is held horizontal by torsion, which is applied to a taut stainless steel wire, to which it is clamped. Increasing the torsion in the wire raises the arm and, at the same time, the ring, which carries with it a film of the liquid in which it is immersed. The force necessary to pull the test ring free from this surface film is measured and the surface tension of the liquid of interest can be read from the dial. The surface tension of the challenge liquid was 70.4 dynes/cm, slightly lower than that of water, which is 72 dynes/cm. To achieve strike-through, the test cell described in ASTM F 1670, "Standard Test Method for Resistance of Materials Used in Protective Clothing to Penetration by Synthetic Blood," was used. This The test cell allows for the application of various pressures to the challenge liquid while it is in contact with the fabric surface. To obtain samples for observation with LSCM where the microspheres were at different points in the transmission mechanism, the fabric samples were exposed to the challenge liquid at increasing pressure intervals or progressive pressures. The ASTM F 1670 test method was used as a model for this method. The fabrics were mounted onto the test cell and the solution was allowed to stand at ambient pressure for five minutes prior to pressure being applied to the liquid. The procedure differed from the test method in that the designated pressure was maintained for only 30 seconds and then the sample was removed from the test cell. The initial pressure and the interval increase was fabric specific based on the fabric's resistance to strike-through. Data collected during the previous reporting period were used to help establish this. The start pressure could not be less than 0.2 psi because the regulator on the test cell equipment was not accurate below this level. The fabric sample was mounted onto the test cell and exposed to the appropriate pressure for 30 seconds. The sample was removed and prepared for LSCM evaluation. A new fabric sample was mounted and exposed to the next level of pressure for 30 seconds. This procedure was repeated for each required pressure level. Initial pressures, incremental increases in pressures and final pressures are described for each fabric in Table 1 .
Preliminary work had shown that while liquid moisture was present in the fabric system, the latex microspheres would continue to move. Therefore, a technique to immobilize the particles was necessary. This was accomplished by treating the exposed fabric sample with liquid nitrogen, which froze the liquid and prevented further movement of the particles.
Obtaining clean cross-sections of the fabric suitable for observation with LSCM had not been previously possible. This was true even after freezing the fabric. However, exposure to liquid nitrogen while liquid moisture was still present in the fabric assembly resulted in the fabric becoming stiff. A razor was used to cut the stiff fabric and it was possible to achieve clean cross-sectional cuts suitable for LSCM observation. Samples were cut so that the cross-section was progressively closer to the strike-through point. The distribution of the fluorescent particles along the cross-section was observed by LSCM. 
Results and Discussion
Fabrics properties of thickness, weight, repellency, and air permeability were measured and are presented in Table 2 . Fabric 1 and 2, which were of similar constructions, had similar thickness and air permeability. The repellency rating of Fabric 2 was higher than that of the other fabrics, as Fabric 2 was treated with a fluorocarbon finish.
A technique was developed to prepare fabric cross-sections after exposure to the microsphere containing challenge liquid that are suitable for viewing with the LSCM. Using this technique, with LSCM observation, the movement of small particles though the fabric structure was possible. Using progressive quantities of pressure during the application of the challenge liquid, movement of the particles could be monitored as movement through the fabric structure took place. The figures appear blurred as they were produced as three-dimensional images; however the fluorescent particles can clearly be seen within the fabric structure due to their high reflectance.
Fabrics 1 and 2, the SMS type polypropylene composite, are discussed together as the fabric structures are similar. One difference between the two fabrics was the clarity of the micrographs that could be produced. This could be due to the reflectance of fibers in Fabric 1. The cross-sectional views of Fabric 1 (Figures 1 and 2) were not as clear as those of Fabric 2 ( Figures 3 and 4) . Figures 1 and 2 are the cross-sectional views of Fabric 1 when exposed to the microsphere containing solution at low and high pressures, respectively. Figures 3 and 4 are the cross-sectional views of Fabric 2 when exposed to the microsphere containing solution applied at low and high pressures, respectively. Movement of the microspheres at low and high pressures give a good indication of the particle movement through the fabric structure. (2) is at the edge of the point bond; notice the large concentration of microspheres adjacent to this and the point of strike-through. Exposure to the latex microsphere solution by Fabric 2 resulted in similar location and distribution of the microspheres (Figures 3 and 4) . Figure 3 shows a high concentration of microspheres in the upper half of the fabric. When exposed to higher pressure, the microspheres are forced through the fabric and are more highly concentrated in the lower half of the fabric and strike-through is seen. The results show that the fluorescent particles progressively penetrated through the depth of the fabric as the pressure applied to the latex microsphere solution increased. It is evident that there is one major strike-through point located near the edge of the point bond in the fabric. This result was consistent for both fabric structures in all replications.
Fabric 3 was the high density polyethylene spunbonded nonwoven. This fabric has a more highly packed structure and therefore can withstand higher pressures before strike-through of the challenge liquid occurs. This fabric was exposed to challenge liquid pressures of 1.0-5.0 psi in 1.0 psi increments. As pressure applied to the challenge liquid increased, the fluorescent particles were found further in the depth of the fabric as indicated in the cross-sectional views. Figure 5 is the cross-sectional view of Fabric 3 when exposed to the latex microsphere solution at low pressure. This figure (5) shows a high concentration of microspheres in the upper part of this fabric, but no strike-through has occurred. Exposure to the microsphere containing challenge liquid at the higher pressure, resulted in more fluorescent particles throughout the entire fabric and a obvious pattern of microsphere movement through the fabric (Figure 6 ). This figure (6) shows that once strike-through occurs, the particles move through the opening (as shown in the bottom left quadrant of the figure). For each specimen of Fabric 3 that was evaluated there was one major strike-through point, it could not be consistently be associated with any specific fabric characteristic.
Fabric 4 was the spunbond fabric laminated with a microporous polymeric membrane. The spunbonded nonwoven layer in this fabric has a relatively loose structure, so the latex microspheres penetrated into this layer progressively as the pressure on the challenge liquid was increased. The microspheres did not penetrate the membrane layer. In the cross-sectional view of this fabric the spunbond and microporous film components can clearly be identified. Figure 7 is the cross-sectional view of Fabric 4 when exposed to the microsphere containing challenge liquid at low pressure. In this figure (7) the microspheres are seen throughout the fabric structure and strike-through of the spunbond component has occurred; however, the microspheres have not penetrated the fabric structure as there are a number of microspheres on the upper surface of the microporous film component of the fabric. The point bond of this fabric is seen at the left of this figure. Figure 8 is the cross-sectional view of this fabric when exposed to the microsphere containing solution at the highest pressure used here. The distribution of the microspheres is similar to that of low pressure, with microsphere strike-through of the spunbond component and microspheres on the upper surface of the microporous film. No evidence of microsphere strike-through was seen for this fabric.
Figure 5
Cross-section of Fabric 3 (PE/SB) after exposure to latex microspheres solution at low pressure
Figure 6
Cross-section of Fabric 3 (PE/SB) after exposure to latex microspheres solution at high pressure 
Conclusions
Using LSCM techniques it was possible to evaluate the movement of microsphere particles, similar in size to bacteria associated with nosocomial infections, through fabrics commonly used in surgical gowns and drapes. Movement of the particles was dependent on the pressure applied to the challenge liquid and fabric construction. As increased pressure was applied to the fabric, the particles were forced from the face and upper surfaces of the fabric to the back of the fabric. The fluorocarbon treatment increased the repellency of the fabric but did not prevent penetration of the particles when pressure was applied to the challenge liquid. Fabric construction influenced the movement of the particle through the fabric and the location of strike-through. The two fabrics with the SMS construction had particle strike-through adjacent to the bond point. Results from this research clearly show that the microporous film component of the composite fabric prevented penetration of the particles. The particles penetrated the spunbonded component of this fabric but did not move through the microporous film component. Continued research to evaluate various fabric constructions and particle size and shape, including bacteria, is currently in progress.
